The occurrence of structural chromosome aberrations in mouse one-cell embryos produced by intracytoplasmic sperm injection (ICSI) with mature spermatozoa was dependent on the type of sperm incubation medium and sperm incubation time. When cauda epididymal spermatozoa were used following incubation in bicarbonate-buffered TYH medium for 0 h (no incubation) and 0.5 h, the chromosome aberration rates (6.9% and 7.4%, respectively) in the resultant embryos were significantly higher than that (2.3%) in the IVF embryos. However, when the spermatozoa were incubated for 2−2.5 h and 6 h in the same medium, the chromosome aberration rates were reduced to the IVF embryo level (3.8% and 4.3%, respectively). When spermatozoa incubated in Hepes-buffered H-mCZB and phosphate-buffered PB1 media were used for ICSI, chromosome aberration rates in embryos were significantly high (8.6−28.1%) and increased in a time-dependent manner. On the other hand, when immature testicular spermatozoa were incubated in those three media for 0.5 h and 6 h, the incidences of resultant embryos with structural chromosome aberrations ranged between 7.4% and 11.7%, and there was no medium-and time-dependent change in these aberration rates.
Introduction
Assisted reproductive technology, including in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI), has contributed to the great evolution in reproduction of humans and other mammalian species. In particular, the ICSI technique has contributed to the treatment of human male infertility which could not be relieved by conventional IVF technique. ICSI also plays a promising role in assisted reproduction of endangered species. However, the previous chromosome studies on mouse one-cell embryos have cast some doubt as to whether there is a potential risk of generating chromosome damage using the ICSI technique, because incidences of structural chromosome aberrations in embryos produced by ICSI with normal spermatozoa [1−8] were considerably high compared to those in embryos produced by conventional IVF technique [9−13] , though mouse strains and chromosome staining methods used were not common among these studies (Table 1) . Recently, we found that when cauda epididymal spermatozoa were incubated in bicarbonate-buffered medium for 2 h or more, the incidence of structural chromosome aberrations in the resultant ICSI one-cell embryos was reduced to the IVF one-cell embryo level. However, there was a time-dependent increase in aberration rates in ICSI embryos when the spermatozoa were incubated in Hepes-and phosphate-buffered media [14] . This paper outlines the previous findings that the occurrence of structural chromosome aberrations in ICSI one-cell embryos derived from cauda epididymal spermatozoa was dependent on the kind of sperm incubation medium and sperm incubation time [14] , and then provides new information on chromosome aberrations in ICSI one-cell embryos derived from testicular spermatozoa and fetuses developed from ICSI embryos of cauda epididymal sperm origin.
Materials and methods
(approximately 10 μl) of H-mCZB under the paraffin oil. The droplets for spermatozoa and oocytes were put in the same chamber. For ICSI with cauda epididymal spermatozoa, highly motile spermatozoa with normal morphology were used. For ICSI with testicular spermatozoa, the normal morphology was checked for selection of spermatozoa under a microscope because testicular spermatozoa are immotile. Just before injection, the head was separated from the tail by applying a few piezo pulses. Immediately afterward, the sperm heads were individually injected into oocytes using a piezo-micromanipulator as described by Kimura and Yanagimachi [15] . Following the injection of sperm heads, oocytes were washed thoroughly with mCZB and transferred into a droplet (100 μl) of the same medium under paraffin oil at 37 ºC for further cultivation.
Chromosome analysis of one-cell embryos
Six to eight hours after ICSI, eggs were transferred into a droplet of mCZB containing vinblastine (0.02 μg/ml) and cultured until they reached the first cleavage metaphase. Metaphase eggs were treated with 0.5% protease to digest the zona pellucida and placed in hypotonic solution (1:1 mixture of 1% sodium citrate and 30% fetal bovine serum) for 8 min at room temperature.
Chromosome slides of eggs were made by the gradual fixation-air drying method [16] . The chromosome slides were stained with 2% Giemsa solution for 8 min, followed by C-band staining [3] .
Embryo transfer and fetal chromosome analysis
When oocytes injected with a sperm nucleus developed to two-or four-cell embryos, they were transferred into the oviducts of CD-1 females, 8−12 weeks of age, on the first day of pseudopregnancy. Surrogate females were killed on day 16 of pregnancy, and live fetuses were surgically obtained from the uteri. A piece of fetus skin was cultured in D-MEM (SIGMA) with 20% fetal bovine serum for chromosome analysis. Two to five days later, the cultures were exposed to colcemid (0.05 μg/ml) for 2−3 h, and then cells were harvested with trypsin-EDTA solution, treated with hypotonic solution (0.075M KCl), and fixed with methanol-acetic acid (3:1) fixative.
Chromosome slides were conventionally stained with 2% Giemsa solution for chromosome counts.
Then, G-band patterns of chromosomes were obtained by the routine trypsin digestion method.
Identification of G-banded chromosomes was carried out according to the nomenclature of mouse chromosomes [17] . If necessary, fluorescent in situ hybridization (FISH) analysis using mouse chromosome-painting probes (CAMBIO, Cambridge, UK) was carried out according to the provided protocol.
Statistical analysis
chromosome aberrations was greatly changed by the type of sperm medium and sperm incubation time. When spermatozoa were incubated in TYH for 0 h and 0.5 h, the incidences of resultant embryos with structural chromosome aberrations were 6.9% and 7.4%, respectively. Both were significantly (P<0.01, χ 2 -test) higher than that (2.3%) of IVF one-cell embryos, which was estimated in the previous study [14] . However, when spermatozoa were incubated for longer time intervals in the same medium, aberration rates (3.8% for 2−2.5 h and 4.3% for 6 h) were reduced to the IVF embryo level.
When H-mCZB was used for sperm incubation, the incidence of structural chromosome aberrations increased in a time-dependent manner (8.6% for 0 h, 10.0% for 0.5 h, 14.7% for 2−2.5 h, 17.3% for 6 h). When PB1 was used, the aberration rate (17.4%) at the 0 h-incubation was significantly (P < 0.01, χ 2 -test) higher than the comparable findings in other media. However, the rate at the 0.5 h-incubation (11.8%) became close to those in other media. After that, the aberration rates noticeably increased in a time-dependent manner (17.2% for 2−2.5 h, 28.1% for 6 h). As previously presented [14] , breaks of chromosome-type and dicentric aberrations were predominantly observed in ICSI one-cell embryos derived from spermatozoa following the incubation in H-mCZB and PB1 in spite of the incubation time.
Chromosome analysis of ICSI one-cell embryos derived from testicular spermatozoa
As with cauda epididymal spermatozoa, testicular spermatozoa were incubated in three different media for 0.5 h and 6 h. Table 2 gives the incidences of resultant embryos with chromosome aberrations. There was no significant difference in the incidence of chromosome aberration rates between both sperm incubation times in each medium. In addition, no significant difference was found among three media at the same incubation time. The data in this Table were compared with matched data on structural chromosome aberration rates in ICSI embryos derived from cauda epididymal spermatozoa ( Figure 3 ). The aberration rates at 0.5 h-incubation were not influenced by the sperm source and the medium type. However, the aberration rate at 6 h-incubation in TYH was significantly (P<0.05, χ 2 -test) lower in ICSI embryos derived from cauda epididymal spermatozoa than in ICSI embryos derived from testicular spermatozoa, and the opposite was seen when H-mCZB and PB1
were used for sperm incubation (P<0.01 and P<0.001, χ 2 -test, respectively).
Chromosome analysis of fetuses developed from ICSI embryos
On the basis of chromosome analysis of ICSI one-cell embryos derived from cauda epididymal spermatozoa, three different sperm culture conditions were set up to produce ICSI fetuses, i.e. the low-risk culture condition (TYH for 2−2.5 h), the moderate-risk culture condition (H-mCZB for 2−2.5 h) and the high-risk culture condition (PB1 for 6 h). As shown in Table 3 , there were no chromosome aberrations in fetuses developed from IVF embryos. However, one fetus in the low-risk group had a mosaic consisting of normal cells (75%) and hyperploid cells (25%) with a Robertsonian translocation ( Figure 4A ). In the moderate-risk group, four fetuses displayed abnormal karyotype. The incidence (6.7%) was considerably high (P=0.0614, Fisher's exact probability test) compared to that in IVF fetuses. Of four abnormalities, two were reciprocal translocations ( Figure 4B and 4C), one was a paracentric inversion ( Figure 4D ), and the other one was determined to be a distal deletion ( Figure   4E ) because there was no translocated chromosome in any of the metaphase spreads following FISH with the DNA probe. In the high-risk group, no fetus had an abnormal karyotype. In this group, however, the number of fetuses karyotyped was limited to 35 because 27 (43.5%) of 62 embryos transferred were lost due to pre-and postimplantation death. This suggests that chromosome aberrations generated in ICSI one-cell embryos derived from cauda epididymal spermatozoa after the incubation in PB1 for 6 h were lethal.
Discussion
Chromosome analysis of mouse ICSI one-cell embryos revealed that the incubation of cauda epididymal spermatozoa in TYH for at least 2 h before injection into oocytes effectively protected the resultant embryos against the generation of structural chromosome aberrations. However, the same incubation of the spermatozoa in H-mCZB and PB1 increased the incidence of structural chromosome aberrations in the resultant embryos in a time-dependent manner. The adverse effect of sperm incubation on chromosomes of resultant embryos was observed when spermatozoa were incubated in Hepes-buffered TYH medium [14] . So far as the previous results indicated (see Table 1 ), the incidence of ICSI one-cell embryos with structural chromosome aberrations was relatively low (3.8−4.1%) when spermatozoa were incubated in TYH for 1−1.5 h before ICSI [2, 8] , and there was a tendency to be high (5.5−14.1%) when spermatozoa were suspended in H-mCZB for a short time (5−15 min) prior to ICSI [1, 4−7] . With the exception of one [1] of these studies, the aberration rates might have been underestimated because dicentric aberrations could not be detected by conventional Giemsa staining.
Another important finding in the present study is that there was no sperm incubation medium-and sperm incubation time-dependent change in the incidence of structural chromosome aberrations in ICSI one-cell embryos derived from testicular spermatozoa. As discussed later, the difference in chromosomal vulnerability of ICSI one-cell embryos between sperm sources may provide a clue to understanding of the causal mechanism of chromosome damage in ICSI one-cell embryos.
Although there was a mosaic fetus in the low-risk group (sperm incubation in TYH for 2−2.5 h), it is unlikely the mosaic aberration had a direct relationship to the ICSI technique; it is more likely a sporadic event during in vitro embryo culture. However, there is little doubt that occurrence of reciprocal translocations, inversion and deletion in fetuses of the moderate-risk group (sperm incubation in H-mCZB for 2−2.5 h) is attributable to the sperm incubation conditions. This is the first evidence to show that chromosome aberrations generated in ICSI one-cell embryos are transmissible to offspring in the mouse. Although there have been a number of chromosome studies of human ICSI pregnancies, it is difficult to make a precise interpretation of these data because male infertile factors are involved in the results. Bonduelle et al. [18] reported that the incidence of de novo structural chromosome aberrations (0.44%) was about two times as high as natural pregnancies (0.16-0.22%). It remains to be ascertained whether the increased incidence of structural chromosome aberrations in human ICSI pregnancies is related to the sperm medium type and sperm incubation time.
It is fundamental to understand why the short incubation of mouse spermatozoa in TYH increases the risk of generating structural chromosome aberrations in resultant embryos and their long incubation in the same medium adversely decreases the chromosomal risk, and why the long incubation of spermatozoa in H-mCZB and PB1 increases the chromosomal risk in a time-dependent manner. With regard to the former question, physiological and biochemical changes such as capacitation and acrosome reaction in mouse spermatozoa during the incubation in TYH should be considered. Mouse cauda epididymal spermatozoa have an intact acrosome that covers nearly two thirds of the sperm head. Moreover the cholesterol distinctively distributes in the plasma membrane over the acrosomal region [19−22] . In conventional IVF, these components never enter the oocyte because the cholesterol is dissociated from the acrosomal plasma membrane during sperm capacitation [20, 21, 23] and the acrosome breaks down immediately before oocyte penetration [24] .
In ICSI procedures, however, the acrosomal plasma membrane cholesterol and the acrosome are introduced into the oocyte when uncapacitated spermatozoa are injected. It has been shown that the acrosome can alter sperm chromatin remodeling in the ooplasm following ICSI in the mouse [25] , the pig [26] and the rhesus monkey [27−29] . In addition, mouse acrosome enzymes can potentially induce deformation and degeneration of oocytes [30] , and the removal of sperm plasma membrane and acrosome before ICSI improves embryonic development in mice [31] . Because inhibition of topological rearrangement of DNA during sperm chromatin remodeling causes DNA lesions [32, 33] , it is highly possible that the alteration of sperm chromatin remodeling by the acrosomal plasma membrane cholesterol and/or the acrosome can lead to structural chromosome aberrations of paternal origin. TYH is widely used for mouse IVF program because it can effectively promote sperm capacitation and trigger the acrosome reaction [34, 35] . Once the cholesterol efflux and/or the acrosome collapse occur, sperm nuclei can successfully achieve chromatin remodeling in the ooplasm. This may be the reason why the incidence of structural chromosome aberrations is reduced in ICSI one-cell embryos derived from spermatozoa after a long incubation period in TYH. In other words, chromosome damage in ICSI one-cell embryos derived from uncapacitated spermatozoa after a short incubation in TYH, H-mCZB and PB1 may be due to the interference of sperm chromatin remodeling with the acrosomal plasma membrane cholesterol and/or the acrosome.
The fact that there was no time-dependent increase of structural chromosome aberration rates in ICSI one-cell embryos derived from testicular spermatozoa dissipated a doubt that H-mCZB and PB1 may be deleterious to mouse sperm DNA, and alternatively raised the possibility that a different causal mechanism may underlie the time-dependent increase of structural chromosome aberrations in ICSI one-cell embryos derived from cauda epididymal spermatozoa following the incubation in these media. Chromosomal studies of mouse one-cell embryos derived from in vitro aged spermatozoa found that the incidence of structural chromosome aberrations of paternal origin increased from 1% to 6% after 6 h of in vitro aging [36] and 12% after 12 h of in vitro aging [37] when spermatozoa were stored in unsupplemented Tyrode (T6) medium. Using sperm chromatin structure assay (SCSA), Estop et al. [36] indicated that in vitro incubation of mouse mature spermatozoa in unsupplemented T6 altered the chromatin structure, and they speculated that the subtle change of chromatin structure makes DNA susceptible to denaturation, thus leading to structural chromosome aberrations. It is generally accepted that the stability of sperm chromatin is dependent on the content of disulfide (−S-S−) bonds in nuclear protamines, and the greater the content of -S-S− bonds, the more stable the chromatin becomes. Since the -S-S− bonds in the nuclear protamines are exclusively formed during the transit of spermatozoa through the epididymis [38] , cauda epididymal spermatozoa have a mature nucleus with high content of -S-S− bonds, while testicular spermatozoa have an immature nucleus with low content of -S-S− bonds. There has been some evidence to support the idea that mature nuclei of epididymal spermatozoa are more resistant to physical and chemical stresses than immature nuclei of testicular spermatozoa [39−41] . However, the present results do not concur with the idea that the low content of -S-S− bonds in sperm nucleus can link to generation of structural chromosome aberrations, because the incidence of structural chromosome aberrations in ICSI one-cell embryos at the 6 h-incubation of spermatozoa in H-mCZB and PB1 was significantly higher when cauda epididymal spermatozoa were used versus when testicular spermatozoa were used.
It is possible that the acrosomal plasma membrane cholesterol may be involved in the time-dependent increase of structural chromosome aberrations in ICSI one-cell embryos derived from cauda epididymal spermatozoa following the incubation in H-mCZB and PB1. As described above, the cholesterol can be dissociated from the acrosomal plasma membrane during sperm capacitation. To induce sperm capacitation in vitro, appropriate concentrations of proteins, HCO 3 − and Ca 2+ ions are essential. However, unsupplemented T6 used for in vitro aging of spermatozoa in previous studies [36, 37] lacks a protein source, H-mCZB includes no albumin and a low level of HCO 3 − , and PB1 lacks HCO 3 − . In these media, cauda epididymal spermatozoa inadequately undergo capacitation and retain a high level of acrosomal plasma membrane cholesterol. Therefore, it is speculated that when cauda epididymal spermatozoa are incubated under uncapacitated state, the residual cholesterol may undergo some alterations such as oxidation, thus increasing a risk of generating structural chromosome aberrations of paternal origin in ICSI one-cell embryos. Testicular spermatozoa may be insusceptible to incubation in H-mCZB and PB1 because they supposedly contain less cholesterol [42, 43] . It remains to be investigated whether the advanced removal of acrosomal plasma membrane cholesterol from cauda epididymal spermatozoa can protect the resultant embryos against chromosome damage and whether the distribution of cholesterol to the acrosomal plasma membrane of testicular spermatozoa can induce structural chromosome aberrations in the resultant embryos. 
